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Abstract

Fowlpox (FP) is an economically important viral disease of commercial poultry. The fowlpox

virus (FPV) is primarily characterised by immunoblotting, restriction enzyme analysis in

combination with PCR, and/or nucleotide sequencing of amplicons. Whole-genome

sequencing (WGS) of FPV directly from clinical specimens prevents the risk of potential

genome modifications associated with in vitro culturing of the virus. Only one study has

sequenced FPV genomes directly from clinical samples using Nanopore sequencing, how-

ever, the study didn’t compare the sequences against Illumina sequencing or laboratory

propagated sequences. Here, the suitability of WGS for strain identification of FPV directly

from cutaneous tissue was evaluated, using a combination of Illumina and Nanopore

sequencing technologies. Sequencing results were compared with the sequence obtained

from FPV grown in chorioallantoic membranes (CAMs) of chicken embryos. Complete

genome sequence of FPV was obtained directly from affected comb tissue using a map to

reference approach. FPV sequence from cutaneous tissue was highly similar to that of the

virus grown in CAMs with a nucleotide identity of 99.8%. Detailed polymorphism analysis

revealed the presence of a highly comparable number of single nucleotide polymorphisms

(SNPs) in the two sequences when compared to the reference genome, providing essen-

tially the same strain identification information. Comparative genome analysis of the map to

reference consensus sequences from the two genomes revealed that this field isolate had

the highest nucleotide identity of 99.5% with an FPV strain from the USA (Fowlpox virus iso-

late, FWPV-MN00.2, MH709124) and 98.8% identity with the Australian FPV vaccine strain

(FWPV-S, MW142017). Sequencing results showed that WGS directly from cutaneous tis-

sues is not only rapid and cost-effective but also provides essentially the same strain identifi-

cation information as in-vitro grown virus, thus circumventing in vitro culturing.
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Introduction

FP is a common viral disease of commercial poultry and wild birds caused by avipoxviruses [1].

It is a slow-spreading yet economically important disease, causing a drop in egg production and

slow growth of birds followed by mortality [2]. The disease may occur as cutaneous (dry pox) or

diphtheritic (wet pox) form [2]. The FPV is characterised by immunoblotting, isolation in

CAMs, restriction enzyme analysis in combination with PCR, and/or nucleotide sequencing of

amplicons [2, 3]. Polypeptide P4b gene, which is highly conserved among all avipoxviruses is

mainly targeted for PCR [4–10]. Based on phylogenetic analysis of the P4b gene, avipoxviruses

are divided into three clades and two proposed clades. Clade A includes FP-like viruses, clade B:

canary poxviruses, and clade C: parrot poxviruses [11]. Two more proposed clades of avipox-

viruses include clade D for quail pox virus and clade E for turkey pox virus [11].

FPV is a large double-stranded DNA virus with a genome of 260–309 kb in size [11, 12].

Currently, next-generation sequencing is being extensively used for the surveillance of poxvi-

ruses [13]. Previous studies have determined the complete genome sequences of FPV from the

USA [14], China, (Zhao, Y., Liu, S. (2020) [Unpublished]) Germany [15], and Australia [12],

using isolation of FPV in chicken embryo fibroblast cells or CAMs, cloning into a plasmid and

amplification of PCR product followed by high-throughput sequencing. However, in vitro cul-

turing of FPV [1, 16] is not only time-consuming but can also lead to potential genome modifi-

cations. In vitro isolation of FPVs requires the adaptation of FPV strains when continuous cell

lines such as LMH or QT35 are used [2, 17]. Given that the cell culture isolation is less sensitive

than CAMs, FPVs are isolated by inoculating in CAMs, however, some strains of FPV may

occasionally fail to grow in CAMs and may require adaptation [17]. Only one study has

sequenced the FPV genome directly from tracheal and cutaneous tissues using Nanopore

sequencing [13]. However, that study did not compare the sequence against a more accurate

sequencing technology such as Illumina or the sequence of a laboratory propagated virus.

Nanopore sequencing has a higher error rate on average than Illumina sequencing, even

though new Nanopore technologies are closing the gap [18].

The complete genome of the vaccine strain of FPV has been sequenced recently in Australia

after isolation in chicken embryo skin cells [12], however, there is no complete genome

sequence of an Australian FPV field isolate sequenced directly from cutaneous tissue. In this

study, we assessed the suitability of next-generation sequencing as a tool for strain identifica-

tion of FPV directly from the cutaneous tissue using a combination of Illumina and Nanopore

sequencing technologies, and to compare the whole genome sequence directly from the tissue

with that of the virus grown in CAMs of embryonated chicken eggs.

Materials and methods

Case history

The use of embryonated eggs was approved by the Animal Ethics Committee of The University

of Melbourne (ethics approval number 1814492). Comb tissue sections used in this study were

derived from an individual case submitted to the Asia Pacific Centre for Animal Health in

2018 (accession number W775-18) as part of a disease investigation at an Australian layer

flock with multiple sheds. The flock had a history of poxvirus vaccination at 11 weeks of age

but had been affected with the cutaneous form of FP at 37 weeks of age with approximately

10% morbidity and slightly lower egg production, swelling of upper eyelids, and nodular

lesions on the combs. The cutaneous samples were also tested by FPV PCR [19] and confirmed

positive by observing PCR amplicons of the expected size. Small pieces of comb tissue were

fixed in neutral formalin, embedded in paraffin, and stained with hematoxylin and eosin. The
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remaining tissue samples were stored at −80˚C until further use for WGS and propagation in

CAMs of embryonated chicken eggs.

Pieces of affected comb were grounded with sterile mortar and pestle followed by resuspen-

sion in Medium 199 (Gibco™) containing 2 mM L-glutamine, 50 μg/mL of penicillin, 50 μg/

mL of streptomycin, and 5 μg/mL of amphotericin B and kept at room temperature for 1 hour.

After 1 hour, the suspension was centrifuged at 3900 × g for 10 min at 4˚C and the supernatant

was used for virus isolation or DNA extraction.

Virus isolation and propagation

For virus inoculation, 100 μL of 1:10 diluted supernatant was inoculated into CAMs of 10-day-

old specific pathogen-free chicken embryos. Inoculated eggs were incubated at 37˚C for 5

days, followed by the collection of CAMs containing pocks. The collected CAMs were homog-

enised and kept at -80˚C until used for DNA extraction.

Viral DNA extraction

The homogenised CAMs were frozen and thawed three times and centrifuged at 3900 × g for

30 min at 4˚C. Supernatants obtained directly from the comb and CAMs were processed for

DNA extraction using ultracentrifugation as described previously [20]. Briefly, the supernatant

was layered onto a 30% w/v ice-cold sucrose cushion in an open-top tube, and virions were

pelleted at 98,000 × g for 90 min at 4˚C. The supernatant was removed, and pellet was resus-

pended in 2 × lysis buffer (0.01 M Tris-HCl [pH 7.5], 0.01 M EDTA [pH 8.0], 1% SDS, 1 mg/

mL proteinase K in 0.01 M Tris-HCl [pH 8]) and incubated overnight at 37˚C. Samples

directly from comb and CAMs were named FPV-COMB and FPV-CAMs respectively.

The DNA from FPV-COMB and FPV-CAMs was extracted using phenol-chloroform as

described previously [20]. Briefly, one volume of buffered phenol, chloroform, and isoamyl

alcohol (ratio 25:24:1, respectively) [21] was added to the lysed virus and the mixture centri-

fuged at 18,000 × g for 10 min at 4˚C. The aqueous phase was transferred into a new centrifuge

tube and treated as above but using chloroform and isoamyl alcohol only (ratio 24:1 respec-

tively). DNA was precipitated using 1/10 volume of 3 M sodium acetate and 1 volume of ice-

cold absolute ethanol followed by centrifugation at 18,000 × g for 20 min at 4˚C and washing

with 70% ethanol. The resultant pellets were air-dried and dissolved in 100 μL of nuclease-free

water. The quantity and quality of DNA were measured using Qubit fluorometer (Invitrogen)

and NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific). Viral DNA extracted

from comb and CAMs was stored at -20˚C until used for PCR and genome sequencing.

Nanopore sequencing and data analysis

Oxford Nanopore sequencing libraries of FPV-COMB and FPV-CAMs were prepared using

SQK-LSK108 and SQK-LSK308 kits respectively as per the manufacturer’s instructions.

Sequencing was allowed to run for 24 hours on a MinION MK-1b device fitted with a

FLO-MIN107 (R9.5 chemistry) flow cell. Raw 1D data in fast5 format was base called using

guppy_basecaller with basecall model of high accuracy (version 4.0.15) (Oxford Nanopore

Technologies) using the University of Melbourne High-Performance Cluster, Spartan [22].

Porechop (version 0.2.3) (https://github.com/rrwick/Porechop) was used to trim the adapter

sequences. FASTQ WIMP (version 2021.03.05) analysis was performed using the EPI2ME

Desktop agent (version 3.3.0) (Oxford Nanopore Technologies) to investigate the taxonomic

diversity of both isolates (FPV-COMB and FPV-CAMs). Nanopore reads with a minimum

length of 1000 bp were extracted from a set of FASTQ files using Filtlong (version 0.2.0)

(https://github.com/rrwick/Filtlong). Trimmed sequence reads were mapped against the
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Gallus gallus reference genome (GenBank NC_006088) using Minimap2 (2.17-r941) [23] to

remove chicken genome-associated reads from the data. Unmapped reads from this step were

mapped against a Staphylococcus aureus reference genome (GenBank AP017922.1) to remove

the major bacterial taxa sequenced.

Illumina sequencing and data analysis

Illumina sequencing of FPV-COMB isolate was performed at Deakin Genomics Centre, Bur-

wood, Victoria, Australia. Sequencing libraries were prepared with the Illumina DNA prep kit

and sequenced on the Illumina MiSeq 2 x 300bp V3 chemistry whilst FPV-CAMs Illumina

sequencing was performed at Walter and Eliza Hall Institute of Medical Research, Melbourne,

Australia using the Illumina NextSeq 300 platform, and libraries were prepared according to

the TruSeq DNA protocol. The computational analysis utilised the Galaxy Europe workflow

manager (https://usegalaxy.eu/). For pre-processing of Illumina reads, Fastp (Galaxy version

0.20.1) [24] was used for detection and removal of adapters and bases below a Phred quality

score of 20. For taxonomic classification of both FPV-COMB and FPV-CAMs, Kraken2 (Gal-

axy version 2.1.1+galaxy1) [25] database “viral genome 2019” was used and results were visual-

ised with Krona Pie chart (Galaxy Version 2.6.1) [26]. The quality check of paired Illumina

reads was performed using FastQC [27]. Trimmed Illumina reads were mapped against Gallus
gallus and Staphylococcus aureus as mentioned earlier for Nanopore reads.

Unmapped Nanopore and Illumina reads were used as input data for hybrid assembly

using Unicycler (Galaxy version 0.4.8.0) [28] for both FPV-COMB and FPV-CAMs. Nanopore

and Illumina non-hybrid de novo assemblies were generated using Canu (version 1.7) [29] and

Unicycler, respectively. Contigs were assessed by BLAST (Blast+ version 2.11.0) against the

entire NBCI nucleotide (nt) database on the University of Melbourne High-Performance Clus-

ter. This process used the megablast algorithm and a minimum E-value of 10−5 for high confi-

dence hits. Each genome was annotated with genome annotation utility transfer (GATU) [30]

using FWPV-MN00.2 (MH709124) as the reference.

Comparative genome analyses

Trimmed Illumina reads from FPV-COMB and FPV-CAMs were mapped to the FPV reference

genome (FWPV-MN00.2, MH709124) using Bowtie2 (version 2.3.0) [31] plugin in Geneious

Prime1 (version 2021.1.1) [32] to generate map to reference consensus sequences. Nucleotide

sequence alignments were conducted with MAFFT [33], using the method FFT-NS-I in Gen-

eious Prime1 using reference genomes and map to reference consensus sequences of

FPV-COMB and FPV-CAMs. Screening for SNPs was conducted using Snippy (version 4.6.0+-

galaxy0) [34] using the FPV genome (FWPV-MN00.2, MH709124) as reference. To investigate

the presence and length of integrated reticuloendotheliosis provirus (REV), map to reference

consensus sequences were separately aligned to REV strain 104865 (KJ756349). The evolution-

ary relationship of Australian FPV-COMB and FPV-CAMs was determined by constructing a

phylogenetic tree using the neighbour-joining method, a Kimura 2-parameter model with 1000

bootstrap iterations in Mega 7 (version 7.0.26) [35] based on complete genome sequences.

Results

Histopathological observations

Histopathological examination of several cross-sections of comb tissues showed lesions consis-

tent with FP including erosion of the epithelial lining in association with necrotic cell debris,

subcutaneous oedema and mononuclear inflammatory cell infiltration into dermis;
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hyperplasia and ballooning of the epithelial cells; and the presence of round intracytoplasmic

eosinophilic inclusion bodies in some epithelial cells (Fig 1A and 1B). Also, in some places,

metaplasia of the epithelial lining and large number of bacterial colonies (cocci) in amongst

the superficial necrotic cell debris were detected (not shown in the images).

Sequencing analysis and comparison

Details of the sequencing reads obtained from Nanopore, and Illumina sequencing platforms

of both FPV-CAMs and FPV-COMB are summarised in Table 1.

Sequencing analysis of FPV-CAMs. Briefly, a total of 2,130,746 paired-end Illumina

short reads and 268,810 Nanopore long reads were generated for FPV-CAMs. After trimming,

1,843,348 Illumina reads and 70,670 Nanopore reads were obtained. Taxonomic classification

of the Nanopore reads from FPV-CAMs by WIMP, considering organisms with more than

100 hits, was as follows: 67%, eukaryotic; 5%, bacterial (predominantly genus Staphylococcus);
and 28%, viral (including genus Avipoxvirus and Gammaretrovirus). Taxonomic classification

Fig 1. Low (A) and high (B) magnification histopathological images of FPV field isolate from comb tissue showing erosion of the epithelial lining in association with

necrotic cell debris (N) oedema and mononuclear inflammatory cell infiltration into the dermis (�), hyperplasia and ballooning of the epithelial cells (arrows in A) and

round intracytoplasmic eosinophilic inclusion bodies in some of the epithelial cells (arrowheads in B).

https://doi.org/10.1371/journal.pone.0261122.g001

Table 1. Details of the sequencing reads before and after quality filtering and assembly.

FPV-CAMs FPV-COMB

Nanopore Illumina (P.E) Nanopore Illumina (P.E)

Total reads 268,810 2,130,746 152,549 254,555

Filtered reads 70,670 1,843,348 10,049 234,323

Mean read length 2081 151 1523 300

Maximum read length 27,007 151 47,327 300

Read N50 2216 – 1466 –

Total bases 147,123,820 546,125,392 15,311,721 113,154,919

Reads mapped to Gallus gallus 16,989/53,681a 456,247/1,387,100a 2436/7613a 59,931/174,392a

Reads mapped to Staph. aureus 227/53,454a 5513/1,381,587a 13/7600a 1101/173,291a

De novo assembly (bp) Incomplete 278,519 Could not assemble 298,870

Hybrid assembly size (bp)b 278,519 298,906

a Mapped/unmapped reads.
b Hybrid assembly generated from Unicycler.

https://doi.org/10.1371/journal.pone.0261122.t001
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of Illumina reads from FPV-CAMs by Kraken2 database “viral genomes 2019” classified 9.5%

(204,039) of the reads, with the remaining unclassified reads identified at>95% hits with Gal-
lus gallus using the Centrifuge classification (version 1.0.3) at the University of Melbourne

High-Performance Cluster, Spartan. Taxonomic classification of classified reads from Kraken2

showed 56% of the reads classified as homo sapiens, 7% bacterial (predominantly genus Staph-
ylococcus), and 25% viral (genus Avipoxvirus and Gammaretrovirus) (Fig 2A). Mapping of

trimmed reads against Gallus gallus and Staphylococcus aureus resulted in a total of 1,381,587

unmapped Illumina short reads and 53,454 Nanopore long reads. Using unmapped reads (from

the previous step) as input for hybrid assembly, 30 contigs were generated with the largest being

278,519 bp. Analysis with BLAST revealed 1/30 contigs with a best-hit matching to FPV (S1

Table). De novo assembly of Illumina reads generated 63 contigs with the largest being 278,519

bp, and 1/63 contigs with BLAST hits to FPV genome sequences (S2 Table). A single contig

from both Illumina and hybrid de novo assemblies contained a nearly complete genome of FPV

excluding right and left terminal repeat regions. Nanopore de novo assembly generated 8 contigs

with the largest being 56,383 bp and 7/8 contigs with BLAST best hits to FPV genome sequences

(S3 Table). Iterative mapping of 7 selected contigs resulted in the genome of 270,964 bp with

four major gaps ranging in sizes from 600 bp to 16,000 bp in the genome. The remaining con-

tigs belonged to the Gallus gallus genome based on BLAST analysis.

Sequencing analysis of FPV-COMB. A total of 254,555 paired-end Illumina short reads

and 152,549 Nanopore long reads were generated for FPV-COMB. After filtering, a total of

234,323 Illumina reads and 10,049 Nanopore reads were utilised. Taxonomic classification of

the Nanopore reads from FPV-COMB by WIMP was as follows: 75%, eukaryotic; 18%, bacte-

rial (predominantly genus Staphylococcus); and 7% viral (including genus Avipoxvirus and

Gammaretrovirus). Taxonomic classification of Illumina reads from FPV-COMB by Kraken2

classified 12.6% (31,956) of the reads classified and the remaining unclassified reads were iden-

tified as Gallus gallus. From classified reads, Kraken2 resulted in 48% reads as eukaryotic, 16%

Fig 2. Taxonomic classification of FPV-CAMs (A) and FPV-COMB (B) using Kraken2 and visualised by Krona pie chart. Reads identified as homo sapiens are a

result of Gallus gallus not being present in the smaller Kraken2 database utilised.

https://doi.org/10.1371/journal.pone.0261122.g002
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bacterial (predominantly genus Staphylococcus), and 23% viral (genus Avipoxvirus and Gam-
maretrovirus) (Fig 2B). Mapping of trimmed reads against Gallus gallus and Staphylococcus
aureus produced a total of 173,291 unmapped Illumina reads and 7600 Nanopore long reads

for assembly. The resultant hybrid assembly from unmapped reads generated 77 contigs with

the largest being 149,786 bp. BLAST analysis of contigs revealed that 4/77 contigs with BLAST

hit to FPV genome sequences (S4 Table). De novo assembly of Illumina reads generated 118

contigs with the largest being 157,491 bp, and 4/118 contigs with BLAST hits to FPV (S5

Table). Iterative mapping of selected 4 contigs for Illumina and hybrid de novo assemblies

resulted in complete genomes of 298,870 and 298,906 bp respectively. The remaining contigs

were identified as being from Gallus gallus based on BLAST hits. Nanopore de novo assembly

generated only 3 contigs with the largest contig of 19,283 bp and none of these contigs were

from FPV according to BLAST (S6 Table).

Comparison of the map to reference consensus sequences using Illumina

and Nanopore reads

Mapping of FPV-CAMs filtered Illumina reads from the previous step against FPV reference

genome (FWPV-MN00.2, MH709124) mapped 104,357 reads with the mean coverage of 48

and a map to reference consensus sequence of 298,739 bp was obtained. Mapping of Nanopore

reads of FPV-CAMs against the reference genome mapped 7173 reads with the mean coverage

of 27 and a resultant sequence of 299,153 bp.

For FPV-COMB, a total of 14,836 Illumina reads mapped to the reference with the mean

coverage of 13 and resulted in a map to reference consensus genome of 298,250 bp. Mapping

of Nanopore reads of FPV-COMB against the reference genome mapped 151 reads with the

mean coverage of 0.8 and an incomplete genome sequence with multiple gaps throughout the

genome. Therefore, map to reference consensus sequences of FPV-COMB and FPV-CAMs

obtained after mapping Illumina reads were used for further comparative genome and phylo-

genetic analyses unless stated otherwise.

A total of 259 coding sequences (CDS) were annotated for both FPV-COMB and

FPV-CAMs map to reference consensus sequences. The GC content was 31.4% in both

FPV-COMB and FPV-CAMs.

Map to reference consensus sequences of both FPV-CAMs and FPV-COMB were submit-

ted in GenBank under accession numbers OK558608 and OK558609 respectively.

Polymorphism analysis indicates the presence of a nearly identical number

of SNPs in FPV-COMB and FPV-CAMs

Polymorphism analysis using Snippy indicated the presence of 204 SNPs in FPV-CAMs and 152

in FPV-COMB when compared to the reference genome (FWPV-MN00.2, MH709124). Com-

parison of SNPs between FPV-CAMs and FPV-COMB revealed that the 152 SNPs in FPV-COMB

also existed exactly at identical positions to that of FPV-CAMs while 52 SNPs were not found in

FPV-COMB. Upon manual inspection of the map to reference results these 52 SNPs were

reflected in the reads obtained from FPV-COMB, however, the depth of coverage at these posi-

tions fell below the minimum coverage of 10 utilised by Snippy to identify SNPs with confidence.

Map to reference consensus sequences of Australian FPV-COMB and

FPV-CAMs carry near full-length reticuloendotheliosis provirus

A large 7932 bp fragment containing a near full-length genome of REV containing all three

genes (gag, env, pol) was found in the map to reference consensus sequences of FPV-CAMs
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and FPV-COMB. The REV integration occurred between nucleotide positions 233,105–

241,036 and 232,879–240,810 of the genome in FPV-CAMs and FPV-COMB respectively.

BLAST searches revealed that integrated full-length REV had 99.9% nucleotide identity to

REV strain 104865 (KJ756349) (Fig 3).

Australian FPV field isolate showed the highest nucleotide identity to the

FPV strain from the USA

Nucleotide sequence alignments with previously sequenced FPV strains revealed that Austra-

lian FPV-CAMs and FPV-COMB showed the highest nucleotide identity of 99.5% to the FPV

strain from the USA (FWPV-MN00.2, MH709124) followed by 98.8% with the FPV vaccine

strain from Australia (MW142017). The homology comparison of complete genomes of Aus-

tralian FPV-CAMs and FPV-COMB along with the reference genomes is given in Table 2.

Subsequent phylogenetic analysis positioned Australian FPV-COMB and FPV-CAMs, closer

to Australian FPV vaccine strain (FWPV-S, MW142017), in a clade with other FPVs from the

USA (bootstrap support, 100%) (Fig 4).

Discussion

In this study, WGS of Australian FPV field isolate was attempted using viral DNA extracted

directly from cutaneous tissue and virus-infected CAMs. Theoretically, WGS of a pathogen

directly from clinical samples prevents the risk of genome modifications that could occur after

passage in vitro [36–38]. The additional challenge with poxvirus is that it is difficult to propa-

gate in cell culture and cultured genomes might not represent the true picture of in vivo infec-

tion, therefore WGS directly from clinical samples remains the most suitable option for

characterisation of large viral genomes such as poxvirus [37]. Here, the suitability of WGS as a

tool for strain identification of FPV directly from cutaneous tissues was evaluated. Given that

clinical samples for FP are only infrequently submitted, and of all the samples submitted, this

individual sample was selected for this study because this was confirmed positive by PCR and

histopathology. Data obtained from cutaneous tissue using Illumina sequencing generated

reads of high-quality and coverage and the resultant map to reference consensus sequence gen-

erated a complete genome of 298,250 bp. In contrast, due to the smaller number of Nanopore

reads for FPV-COMB, mapping was compromised by poor overlapping and gaps, and generat-

ing a map to reference consensus sequence was not possible. It is noteworthy that the specimen

used for WGS have contained very small nodular lesions that may have contributed to the

small number of reads generated by the Nanopore sequencing platform. Nevertheless, based

on these results obtained for FPV-COMB, Nanopore sequencing would be useful to determine

the presence of FPV using kmer matching methods such as Kraken2 or long-read map to ref-

erence methods such as Minimap2. However, for in-depth genomic information such as strain

identification, Illumina sequencing directly from cutaneous tissues is a suitable option. Data

Fig 3. Comparison of near-full length provirus of REV of Australian FPV-COMB and FPV-CAMs with REV strain 104865 (KJ756349).

https://doi.org/10.1371/journal.pone.0261122.g003

PLOS ONE Strain identification directly from clinical tissues

PLOS ONE | https://doi.org/10.1371/journal.pone.0261122 December 16, 2021 8 / 14

https://doi.org/10.1371/journal.pone.0261122.g003
https://doi.org/10.1371/journal.pone.0261122


T
a

b
le

2
.

T
h

e
h

o
m

o
lo

g
y

co
m

p
a

ri
so

n
o

f
co

m
p

le
te

g
en

o
m

es
o

f
A

u
st

ra
li

a
n

F
P

V
-C

O
M

B
a

n
d

F
P

V
-C

A
M

s
w

it
h

p
re

v
io

u
sl

y
p

u
b

li
sh

ed
re

fe
re

n
ce

g
en

o
m

es
.

M
H

7
0

9
1

2
4

-U
S

A
(O

K
5

5
8

6
0

8
)-

A
u

st
ra

li
a

(O
K

5
5

8
6

0
9

)—

A
u

st
ra

li
a

M
W

1
4

2
0

1
7

-A
u

st
ra

li
a

M
H

7
3

4
5

2
8

-U
S

A
A

F
1

9
8

1
0

0
-U

S
A

K
X

1
9

6
4

5
2

-C
h

in
a

M
F

7
6

6
4

3
0

-F
ra

n
ce

M
F

7
6

6
4

3
1

-F
ra

n
ce

M
F

7
6

6
4

3
2

-F
ra

n
ce

A
J5

8
1

5
2

7
-G

er
m

a
n

y

M
H

7
0

9
1

2
4

9
9

.6
9

9
.5

9
8

.6
9

9
.0

9
6

.5
9

4
.5

9
6

.2
9

6
.4

9
6

.4
8

7
.8

F
P

V
-C

A
M

s
9

9
.6

9
9

.8
9

8
.7

9
9

.0
9

6
.6

9
4

.5
9

6
.2

9
6

.5
9

6
.5

8
7

.8

F
P

V
-C

O
M

B
9

9
.5

9
9

.8
9

8
.8

9
9

.2
9

6
.7

9
4

.7
9

6
.2

9
6

.5
9

6
.5

8
7

.8

M
W

1
4

2
0

1
7

9
8

.6
9

8
.7

9
8

.8
9

9
.4

9
5

.9
9

4
.7

9
5

.8
9

5
.7

9
5

.7
8

6
.9

M
H

7
3

4
5

2
8

9
9

.0
9

9
.0

9
9

.2
9

9
.4

9
6

.1
9

4
.8

9
6

.1
9

6
.0

9
6

.0
8

7
.2

A
F

1
9

8
1

0
0

9
6

.5
9

6
.6

9
6

.7
9

5
.9

9
6

.1
9

6
.7

9
9

.3
9

9
.6

9
6

.6
9

0
.5

K
X

1
9

6
4

5
2

9
4

.5
9

4
.5

9
4

.7
9

4
.7

9
4

.8
9

6
.7

9
6

.4
9

6
.6

9
6

.6
9

1
.4

M
F

7
6

6
4

3
0

9
6

.2
9

6
.2

9
6

.2
9

5
.8

9
6

.1
9

9
.3

9
6

.4
9

9
.5

9
9

.5
9

0
.2

M
F

7
6

6
4

3
1

9
6

.4
9

6
.5

9
6

.5
9

5
.7

9
6

.0
9

9
.6

9
6

.6
9

9
.5

9
9

.9
9

0
.4

M
F

7
6

6
4

3
2

9
6

.4
9

6
.5

9
6

.5
9

5
.7

9
6

.0
9

9
.6

9
6

.6
9

9
.5

9
9

.9
9

0
.4

A
J5

8
1

5
2

7
8

7
.8

8
7

.8
8

7
.8

8
6

.9
8

7
.2

9
0

.5
9

1
.4

9
0

.2
9

0
.4

9
0

.4

h
tt

p
s:

//
d
o
i.o

rg
/1

0
.1

3
7
1
/jo

u
rn

al
.p

o
n
e.

0
2
6
1
1
2
2
.t
0
0
2

PLOS ONE Strain identification directly from clinical tissues

PLOS ONE | https://doi.org/10.1371/journal.pone.0261122 December 16, 2021 9 / 14

https://doi.org/10.1371/journal.pone.0261122.t002
https://doi.org/10.1371/journal.pone.0261122


obtained from the grown virus (FPV-CAMs) generated high-quality reads using both Nano-

pore and Illumina sequencing and map to reference consensus sequences resulted in complete

genomes of ~298 kb. Comparison of the map to reference consensus sequences of both

FPV-COMB and FPV-CAMs revealed nucleotide identity of 99.8% between the two. This con-

firms the ability of WGS directly from cutaneous tissues to accurately genotype FPV. It is

therefore tempting to conclude that genomic sequencing directly from clinical tissues is not

only fast, but also generates a complete genome sequence similar to a grown FPV. Moreover,

sequencing directly from cutaneous tissues reduces the cost by not requiring fertilised embryo-

nated eggs nor the requisite incubation equipment. There are dramatic potential improve-

ments in time-based efficiency using sequencing approaches as well, with isolation of FPV in

embryonated eggs taking 2–3 weeks for the embryo to reach the appropriate stage for inocula-

tion, the growth of the virus, and subsequent typing. Moreover, a comparison of SNPs revealed

the presence of an identical number of SNPs in FPV-COMB similar to FPV-CAMs, providing

the same typing information as a grown virus. It is noteworthy that both FPV-COMB and

FPV-CAMs sequences are from the same virus and thus a comparable number of SNPs is

expected unless in vitro mutations have occurred. In this study, optimal results for comparative

genome analysis were obtained with sufficient depth using a map to reference approach with

Illumina reads. Given that the FPV genome is relatively syntenic, the map to reference

approach is suitable for rapid characterisation of the FPV genome.

Genome comparison with previously sequenced FPVs revealed that the Australian

FPV-COMB and FPV-CAMs showed the highest nucleotide identity of 99.5% to FPV strain

Fig 4. Genetic relationship of Australian FPV-COMB and FPV-CAMs with reference sequences selected from

previous studies. The relationship was inferred based on phylogenetic analysis of complete genome sequences using

the neighbour-joining method with 1000 bootstrap iterations. The labels at branch tips refer to the GenBank accession

number followed by the name of the country. Australian FPV-COMB (OK558609) and FPV-CAMs (OK558608) are

highlighted in bold.

https://doi.org/10.1371/journal.pone.0261122.g004
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from the USA (FWPV-MN00.2, MH709124) and 98.8% to the Australian FPV vaccine strain

(FWPV-S, MW142017). Based on phylogenetic analysis of complete genomes, Australian

FPV-COMB and FPV-CAMs were positioned closer to the Australian FPV vaccine strain, in a

clade with other FPVs from the USA with 100% bootstrap support.

Most FPV field isolates carry integrated REV which indicates natural genetic engineering in

viruses [39]. Here, the presence of a near full-length genome (7932 bp) of REV provirus was

reported in both FPV-COMB and FPV-CAMs based on WGS. Previously, the presence of

near full-length REV provirus has been reported in vaccine and field isolates of FPV circulat-

ing in Australia based on hybridization techniques, PCR, and sequencing [12, 40]. Although

the role of REV is unclear, they have been associated with high virulence of FPV (1) and

immunosuppressive effects in young chickens [39].

From comparative genome analyses, it can be concluded that the WGS directly from cuta-

neous tissues is rapid, cost-effective, and provides essentially the same strain identification

information as obtained from the FPV grown in CAMs. The scarcity of fowlpox virus full

genomes highlights the importance of our research outlining a new way to obtain this data and

this work will lead to an expansion of the availability of complete genomes covering a wider

geographical area. Considering the syntenic genome of FPV, it is proposed that reference-

guided sequencing analysis could be a better option for sequencing directly from clinical speci-

mens. Future studies should include the screening of a large number of specimens from differ-

ent strains of birds and different geographical locations to put this hypothesis to test. Also, it

would be interesting to know if diphtheritic lesions found in the wet form of avian pox can

potentially generate comparable WGS reads to that of the cutaneous lesions reported here.

Supporting information

S1 Table. Analysis of FPV-CAMs hybrid assembly contigs with BLAST.

(DOCX)

S2 Table. Analysis of FPV-CAMs Illumina de novo assembly contigs with BLAST.

(DOCX)

S3 Table. Analysis of FPV-CAMs Nanopore de novo assembly contigs with BLAST.

(DOCX)

S4 Table. Analysis of FPV-COMB hybrid assembly contigs with BLAST.

(DOCX)

S5 Table. Analysis of FPV-COMB Illumina de novo assembly contigs with BLAST.

(DOCX)

S6 Table. Analysis of FPV-COMB Nanopore de novo assembly contigs with BLAST.

(DOCX)

Acknowledgments

The authors’ thank the LIEF HPC-GPGPU Facility hosted at the University of Melbourne,

where the research was undertaken. This Facility was established with the assistance of LIEF

Grant LE170100200.

Author Contributions

Conceptualization: Amir H. Noormohammadi.

PLOS ONE Strain identification directly from clinical tissues

PLOS ONE | https://doi.org/10.1371/journal.pone.0261122 December 16, 2021 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261122.s006
https://doi.org/10.1371/journal.pone.0261122


Data curation: Kinza Asif.

Formal analysis: Kinza Asif, Alistair R. Legione.

Investigation: Kinza Asif.

Methodology: Kinza Asif, Denise O’Rourke, Alistair R. Legione.

Project administration: Amir H. Noormohammadi.

Resources: Amir H. Noormohammadi.

Software: Kinza Asif, Alistair R. Legione, Marc S. Marenda.

Supervision: Pollob Shil, Marc S. Marenda, Amir H. Noormohammadi.

Validation: Alistair R. Legione, Marc S. Marenda.

Writing – original draft: Kinza Asif.

Writing – review & editing: Alistair R. Legione, Pollob Shil, Marc S. Marenda, Amir H.

Noormohammadi.

References
1. Zhao K, He W, Xie S, Song D, Lu H, Pan W, et al. Highly pathogenic fowlpox virus in cutaneously

infected chickens, China. Emerging infectious diseases. 2014; 20(7):1200. https://doi.org/10.3201/

eid2007.131118 PMID: 24963887

2. Tripathy DN, Reed WM. Avian pox. In: Swayne David E., Boulianne Martine, Logue Catherine M.,

McDougald Larry R., Nair Venugopal, Suarez David L.(Eds.), Diseases of poultry. Wiley-Blackwell,

Hoboken, NJ, pp. 364–381. 2020.

3. Lecis R, Secci F, Antuofermo E, Nuvoli S, Scagliarini A, Pittau M, et al. Multiple gene typing and phylog-

eny of avipoxvirus associated with cutaneous lesions in a stone curlew. Veterinary research communi-

cations. 2017; 41(2):77–83. https://doi.org/10.1007/s11259-016-9674-5 PMID: 28054222

4. Binns M, Boursnell M, Tomley F, Campbell J. Analysis of the fowlpoxvirus gene encoding the 4b core

polypeptide and demonstration that it possesses efficient promoter sequences. Virology. 1989; 170

(1):288–91. https://doi.org/10.1016/0042-6822(89)90380-2 PMID: 2541544
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